Among three species of polygonaceous feeding leaf beetle, Galerucella grisescens, Gallerucida bifasciata, and Gastrophysa atrocyanea, only Gall. bifasciata did not use a polygonaceous plant, Persicaria lapathifolia, as a food. 2nd and 3rd instar larvae and adults of Gall. bifasciata fed on the leaves, however, the feeding amount decreased day by day and all died. The 1st instar larvae hardly fed on the leaves and all larvae died. Biological tests and chemical analysis revealed that feeding deterrents were present in P. lapathifolia leaves. A feeding deterrent was isolated and identified as 3-hydroxy-5-methoxy-6,7-methylenedioxy flavanone. The compound deterred 1st instar larvae of Gall. bifaciata from feeding and significantly lessened the survival rate of the larvae at concentrations higher than 1.0 mg/ml. Larvae of Gal. grisescens were not deterred from feeding by the compound at the concentration of 5 mg/ml. The presence of other fractions increased the feeding deterrent activity of the compound to 1st instar larvae of Gall. bifasciata. These results revealed that P. lapathifolia leaves contain multiple feeding deterrents to Gall. bifasciata.
INTRODUCTION
Herbivorous insects use some plant chemicals as a means for their host plant selection (Harborne, 1977; Rosenthal and Berenbaum, 1991; Bernays and Chapman, 1994) . Among various plant chemicals, flavonoids, which occur universally throughout higher plants, play an important role in host plant selection by phytophagous insects (Harborne, 1991; Harborne and Grayer, 1993; Simmonds, 2001 Simmonds, , 2003 . For example, flavonoids act as feeding stimulants for phytophagous insects (Zielske et al., 1972; Levy et al., 1974; Matsuda, 1978; Nielsen et al., 1979; Matsuda and Matsuo, 1985; de Boer and Hanson, 1987; Bernays et al., 1991; Piubelli et al., 2003) . In contrast, flavonoids have a feeding deterrent activity toward phytophagous insects (Shaver and Lukefahr, 1969; Dreyer and Jones, 1981; Lane et al., 1985 Lane et al., , 1987 de Boer and Hanson, 1987; Simmonds et al., 1990; Echeverri et al., 1991; Sharma and Norris, 1991; Morimoto et al., 2000; Simmonds and Stevenson, 2001) .
Gallerucida bifasciata Motschulsky, Galerucella grisescense (Joannis), and Gastrophysa atrocyanea Motschulsky are oligophagous species of leaf beetle (Coleoptera: Chrysomelidae) that feed mainly on wild polygonaceous plants, and sometimes attack polygonaceous cultivars, such as buckwheat, Fagopyrum esculentum Moench. Flavonoids in polygonaceous plant leaves play an important role in host plant selection by these three species of beetles. Gal. grisescence is stimulated to feed by quercetin glycosides, which are found in polygonaceous host plants (Matsuda, 1976; Ohta et al., 1998) , while Gas. atrocyanea and Gall. bifasciata are not stimulated to feed by quercitrin and rutin alone but stimulated by these flavonoids in the presence of sucrose. In addition to flavonoids, organic acids such as oxalic, malic, tartaric and citric acids, which are generally present in polygona-ceous plants, act as feeding stimulants for Gas. atrocyanea and Gall. bifasciata, while Gal. grisescense is not stimulated to feed by these organic acids (Matsuda and Matsumoto, 1975) . In contrast, feeding deterrents for polygonaceous feeding beetles have not been studied well.
In field observations, we found that Persicaria lapathifolia (L.) S. F. Gray (previous name: Polygonum nodosum Pers.), a polygonaceous weed, is not attacked by these beetles. The reason behind this lack of feeding is unknown. The elucidation of the host plant selection mechanism by phytophagous insects could serve as a basis for integrated pest management. Therefore, we conducted biological and phytochemical studies to determine possible mechanisms of feeding deterrence in P. lapathifolia.
MATERIALS AND METHODS

Insects.
Gall. bifasciata were collected at Sendai City, Miyagi prefecture and Gal. grisescense and Gas. atrocyanea at the experimental field of the Faculty of Agriculture, Tohoku University. We reared these beetles at 24Ϯ1°C, 16L-8D photoregime. We provided Rumex obtusifolius L., which is Polygonaceae and a normal host plant for these three beetle species, as a food until tests began. We collected all P. lapathifolium and R. obtusifolius leaves in the field of the Faculty of Agriculture, Tohoku University.
Feeding and survival on fresh leaves. To clarify suitability of P. lapathifolia as a food for the three beetle species, we conducted rearing tests using 1st instar larvae of these beetle species. Arrival rate at each instar (2nd, 3rd, pupa and adult) from 1st instar larvae was measured. We used a Petri dish (9 cm diameter) placed a filter paper (9 cm diameter) at the bottom of the dish for the test. An appropriate amount of leaves was provided and distilled water was added to maintain humidity daily. Ten larvae (hatched within 24 h) were released in the dish. The test dish was placed at 24Ϯ1°C, 16L-8D photoregime. The survival and instar of the insects were checked daily. Each test was replicated three times.
To evaluate suitability of P. lapathifolium leaves as a food for each instar larvae and adult of Gall. bifasciata, a feeding test was conducted under laboratory conditions. The test was conducted in the same manner as described above. As a food for the beetle, leaf disk (2 cm diameter) of test plants (P. lapathifolium or R. obtusifolius) was placed in the Petri dish: One disk was placed for first (1st) and second (2nd) instar larvae, two disks for third (3rd) instar larvae, and three disks for the adult. Each instar of the insect was released in each Petri dish (1st instar larvae: 10, 2nd and 3rd instar larvae: 5, and adult: 1 per dish) and reared under the conditions described above. Each instar larva and adult used for tests were within 24 h after ecdysis or hatching. To evaluate whether the larvae died of a lack of feeding, we also conducted a starvation test under the same conditions without leaves. Each test was replicated five times for larvae and ten times for adult. The test leaves were replaced and added distilled water daily. The survival and instar of the insects were checked daily. The feeding amount of the leaves by the adult was quantified by measuring the damaged area using tracing graph paper (1ϫ1 mm square).
Extraction and fractionation of active compound. Fresh P. lapathifolia (727 g) leaves were extracted with acetone (5 lϫ3 times) for 24 h at room temperature. The extracts were filtered and combined and then solvent was removed with a rotary evaporator under reduced pressure at less than 40°C. Acetone extract (42.47 g) was suspended in water (500 ml) and successively partitioned with chloroform (500 mlϫ3 times) and water saturated n-butanol (500 mlϫ3 times). The solvent was removed from each fraction using the methodology described above. The chloroform fraction was subjected to a silica gel column chromatography (Wako-gel ® C-200, 100-200 mesh, Wako Pure Chemical Industries Ltd.; 425ϫ28 mm inner diameter), and successively eluted with 500 ml of chloroform (Fraction 1), 1% methanol in chloroform (Fr. 2), 10% methanol in chloroform (Fr. 3), and methanol (Fr. 4). An aliquot of the active fraction (Fr. 1, 1.5 g) was again chromatographed on a silica gel column (395ϫ21 mm i.d.), and successively eluted with 500 ml of 30% ethyl acetate in hexane (Fraction 1-1), 50% ethyl acetate in hexane (Fr. 1-2), and ethyl acetate (Fr. 1-3). The active fraction (Fr. 1-1) was further purified on a silica gel column (Wako-gel ® C-100, 40-100 mesh; 190ϫ15 mm i.d.), and eluted with 200 ml of 30% ethyl acetate in hexane. Fractions of 20 ml each were collected and monitored them with a thin layer chromatogra-phy (TLC) plate (Merck, 60F 254 , 10ϫ5 cm, 0.25 mm) and then grouped into four fractions (Fractions 1-1-1-1-1-4) according to Rf value (Fr. 1-1-1: Rf Ͼ0.8, Fr. 1-1-2: Rf 0.8-0.6, Fr. 1-1-3: Rf 0.6-0.5, Fr. 1-1-4: Rf 0.5Ͼ). Fifty percent ethanol in hexane was used as a developing solvent for TLC. The spot on the TLC plate was visualized by heating at 115°C after spraying with 10% aqueous H 2 SO 4 solution.
Feeding and survival on leaves treated with extract and fractions. To evaluate the feeding deterrent activity of P. lapathifolia leaves extract and the silica gel column fractions, we conducted a leaf disk bioassay using R. obtusifolius leaves. As a test insect, we selected 1st instar larvae of Gall. bifasciata according to the feeding test of each instar larvae because 1st instar larvae hardly fed on P. lapathifolia leaves at all compared with these 2nd and 3rd instar larvae and the adult. We estimated the feeding deterrent activity of the extracts to the 1st instar larvae as a survival rate at 5 days since the amount eaten was too small to accurately measured.
The concentrations of all test solutions were adjusted to one gram leaf equivalent per 1 ml ethanol (g.l.e./ml). An ethanol solution of the test sample (0.03 ml) was applied uniformly to both surfaces of the leaf disk (2 cm diameter). The solvent was quickly removed from the leaf disk by placing it under a stream of cold air. Leaf disks treated with only ethanol were used as a control. A treated or control leaf disk was put on a piece of Parafilm ® (2ϫ2 cm) and then placed individually on moistened filter paper in a plastic Petri dish (6 cm diameter) exposing the upper surface, for a no-choice test. Five 1st instar larvae of Gall. bifasciata (within 24 h after hatching) were released in the Petri dish and allowed to feed on the leaf disk under the same conditions as described for the rearing test. All the leaf disks in the Petri dishes were replaced and distilled water added daily. Each test was replicated five times. Since fractions 1-1 and 1-3 showed complete feeding deterrent activity (100%) to the 1st instar larvae, to evaluate which of fractions 1-1 and 1-3 had the stronger feeding deterrent activity, we used the 2nd instar larvae, which fed on P. lapathifolia leaves more than the 1st instar larvae did, for bioassays in the manner described above.
We also tested a compound isolated from fraction 1-1-4 at the concentrations of 0.5, 1, 2, 5 mg/ml in the same manner mentioned above. We repeated all of the assays described above using 1st instar larvae of Gal. grisescens as well.
To examine possible combined effects of fractions 1-1-1-1-1-3, we conducted combined fraction test mixed fractions 1-1-1-1-1-3 and fraction 1-1-4 or the compound isolated from fraction 1-1-4. Each fraction was adjusted to one gram leaf equivalent per ml and the concentration of the isolated compound to 1 mg/ml. (This concentration is lower than the one gram leaf equivalent of the isolated compound: 1.12 mg.) All tests were conducted in the manner described above.
Instruments. We recorded 1 H and 13 C-NMR spectra on a Varian Unity INOVA 600 spectrometer (600 MHz) in DMSO-d 6 with TMS as the internal standard. NMR spectra data are shown as d (ppm). We recorded FAB-MS on a JEOL JMS HX-105 MS spectrometer using nitrobenzyl alcohol as a matrix.
Statistical analyses. We compared survival rate among the three beetle species using KruskalWallis and Scheffe's F-tests. We compared survival rate between control and treatment groups using the Mann-Whitney U-test. We performed these statistical analyses using Stat View, Version 4.5 (1996) .
RESULTS
Feeding and survival on fresh leaves
1st instar larvae of Gal. grisescens and Gas. atrocyanea fed on P. lapathifolia leaves and developed into the adults, while 1st instar larvae of Gall. bifasciata hardly fed on the leaves and all died (Table 1) . 1st instar larvae of Gall. bifasciata provided with P. lapathifolia leaves hardly fed on the leaves and died within four days. The starved 1st instar larvae also died within four days (Fig. 1A ). 2nd and 3rd instar larvae of Gall. bifasciata provided with P. lapathifolia leaves fed on the leaves. However, the feeding amount by these larvae declined day by day and all the larvae died and did not reach the next instar. These 2nd and 3rd instar larvae provided with P. lapathifolia leaves survived longer than the starved larvae (Fig. 1B, C) . Gall. bifasciata adults fed on P. lapathifolia leaves as much as R. obtusifolius leaves on the first day. By the second day and thereafter, the feeding amount of P. lapathifolia leaves by the adult significantly declined and all of the adults had died by day 11 (MannWhitney U-test, pϽ0.05). The adult provided with R. obtusifolius leaves lived throughout the experiment ( Fig. 2A, B ).
Feeding and survival on leaves treated with extract and fractions
Acetone extract exhibited strong feeding deterrent activity (no feeding, 0% survival) toward 1st instar larvae of Gall. bifasciata (Fig. 3) . All the 1st instar larvae exposed to leaves treated with the extract died without feeding within two days. Among chloroform, butanol, and water fractions, only the chloroform fraction exhibited a strong feeding deterrent activity (no feeding, 0% survival, Scheffe's F-test after Kruskal-Wallis test, pϽ0.01). In four fractions separated from the chloroform fraction with a silica gel column, fraction 1 (eluate: chloroform) showed the strongest feeding deterrent activity (no feeding, 0% survival, pϽ0.05). In three fractions separated from fraction 1 with silica gel column, fractions 1-1 (eluate: 30% ethyl acetate in hexane) and 1-3 (eluate: ethyl acetate) exhibited a strong feeding deterrent activity (no feeding, 0% survival, pϽ0.05) to the 1st instar larvae. In the 452 M. ABE et al. test of 2nd instar larvae, fraction 1-1 exhibited feeding deterrent activity (0% survival, within seven days), stronger than that of fraction 1-3 (44% survival, within seven days) (Mann-Whitney Utest, pϽ0.05), indicating that fraction 1-1 contained stronger feeding deterrent than fraction 1-3 did. Among the four fractions (fractions 1-1-1-1-1-4) separated from the fraction 1-1 with a silica gel column, fraction 1-1-4 exhibited the strongest feeding deterrent activity to the 1st instar larvae (19% survival, Scheffe's F-test after Kruskal-Wallis test, pϽ0.05), but the activity was weaker than that of the fraction 1-1 (Fig. 3) . Analysis of fraction 1-1-4 using TLC resulted in a yellowish single spot at 0.43 of Rf value. This indicated that fraction 1-1-4 consisted of a single substance. Purification by recrystallization using ethanol resulted in 1.12 mg/ g · fresh leaves of compound A.
1 H-NMR spectra data of compound A revealed the presence of phenyl (5H, m, d 6.43 and 7.3-7.5), a methoxy (3H, s, 3.93), a methylendioxy (2H, s, 6.07), an alcoholic hydroxy (3.35), and two methine groups (1H, dd, 4.43 and 1H, dd, 5.13).
13
C-NMR spectra data of compound A showed the presence of carbonyl carbon (190.76), phenyl (132.16, 128.48, 128.05, and 127.84) , methoxy (60.09), methylenedioxy (93.15). FAB-MS spectra of compound A revealed a molecular ion peak of the compound at m/z 315 and 337, corresponding to (MϩH) ϩ and (MϩNa) ϩ , respectively. These spectra data indicated that compound A was a flavonoid having methoxy and methylenedioxy groups (Harborne, 1988 (Harborne, , 1993 Markham and Geiger, 1993) . This compound A had already been isolated from P. lapathifolia leaves and the NMR and MS spectra were measured by Kuroyanagi et al. (1982) . Compound A was thus identified as 3-hydroxy-5-methoxy-6,7-methylenedioxyflavanone (3-HMMDF) (Fig. 4) .
1st instar larvae of Gall. bifasciata were significantly deterred from feeding by 3-HMMDF at a concentration of 1 mg/ml. The feeding deterrent activity of 3-HMMDF was stronger as the concentration became higher (Mann-Whitney U-test, pϽ 0.01). However, 1st instar larvae of Gal. grisescens were not deterred from feeding, even by the highest concentration (5 mg/ml) of 3-HMMDF (Table 2) .
Assay of the four mixed fractions (1-1-1-1-1-4) showed strong feeding deterrent activity (no feeding, 0% survival). Strong feeding deterrent activity (no feeding, 0% survival) was also observed when 3-HMMDF was mixed with other fractions. However, this strong deterrent activity was not observed in the mixtures of other fractions (fractions 1-1-1-1-1-3) without 3-HMMDF (Table 3) .
DISCUSSION
Among three beetle species, Gall. bifasciata did not grow when P. lapathifolia leaves were provided as a food. Adults of the beetle fed on the leaves but all died. These results indicate that P. lapathifolia is an unsuitable host plant for Gall. bifasciata. As a factor affecting unpalatability for 1st instar larvae of the beetle in P. lapathifolia leaves, we revealed that 3-HMMDF, a flavonoid in the leaves, acts as a feeding deterrent to 1st instar larvae of the beetle. Although Kuroyanagi et al. (1982) had already reported the presence of 3-HMMDF in P. lapathifolia leaves, the bioactivity was unknown at that time. It is interesting that this compound deters the beetle larvae from feeding but does not affect the feeding of two other polygonaceous feeding beetles, Gal. grisescens and Gas. atrocyanea larvae. The reasons for these differences may largely be the differences in host plant utilization by these beetles. In the field, we have observed that Gall. bifasciata prefers Polygonum cuspidatum to Rumex spp. as a host plant. P. lapathifolia grows in much of the same environment and season as P. cuspidatum. While Gal. grisescens has the widest host range of the three beetles and feeds on several plant species, it almost always prefers Rumex spp. as host (Takahashi, 1957; Suzuki, 1985 Suzuki, , 1986 Suzuki, , 1989 . Gas. atrocyanea appears only in the Spring season (March-May) and depends on Rumex spp. as a host plant (Suzuki, 1985 (Suzuki, , 1986 (Suzuki, , 1989 . We hypothesize that Gal. grisescens and Gas. atrocyanea do not use P. lapathifolia as a host because the habitat of 454 M. ABE et al. Fig. 3 . Survival rate of 1st instar larvae of G. bifasciata on R. obtusifolius leaves treated with silica gel column fractions from P. lapathifolium leaves extracts. These fractions are explained in the results section. Numbers in parentheses indicate the mean survival rate (%) of the 1st instar larvae after 5 days. Each test was replicated five times. both species is not associated with that of P. lapathifolia. While the habitat of Gall. bifasciata is associated with that of P. lapathifolia, it is possible that Gall. bifasciata would attack P. lapathifolia if the plant did not contain the feeding deterrents of Gall. bifasciata. We think that the feeding deterrent contained in P. lapathifolia plays an important role in restricting the host range of Gall. bifasciata.
R. obtusifolius leaves used for the bioassay contain feeding stimulants, such as organic acids, quercitrin and sucrose, for Gall. bifasciata (Matsuda and Matsumoto, 1975; Matsuda, 1976) . Therefore, the feeding stimulants in R. obtusifolius leaves may reduce the feeding deterrent activity of 3-HMMDF.
The feeding test with plant extracts revealed that 3-HMMDF is the main feeding deterrent and active at any concentration higher than 1 mg/ml to 1st instar larvae of Gall. bifasciata. The feeding deterrent activity increased when 3-HMMDF and other fractions were mixed at the concentrations naturally occurring in leaves. This indicates that the presence of other substance(s) strengthens the feeding deterrent activity of 3-HMMDF to Gall. bifasciata. From these results, P. lapathifolia apparently protects itself from Gall. bifasciata attack via the use of multiple feeding deterrents including 3-HMMDF.
In this study, we did not reveal the feeding deterrent for 2nd and 3rd instar larvae and adult of G. bifasciata. Differently from the 1st instar larvae, these 2nd and 3rd instar larvae and the adult fed on P. lapathifolia leaves and died. This suggests that P. lapathifolia leaves contain a constituent acting as an insecticide or growth inhibitor as well as a feeding deterrent to these instar larvae and the adult. Some flavonoids have insecticidal or growth inhibitory activity to Heliothis zea, H. virescens and Pectinophora gosypiella (Shaver and Lukefahr, 1969; Isman and Duffey, 1982) . The isolated flavonoid, 3-HMMDF, may act as an insecticide or growth inhibitor as well as a feeding deterrent to these instar larvae and the adult. Further investigation is in progress.
